The landing flare:  An analysis and flight-test investigation by Seckel, E.
N A S A  C O N T R A C T O R  N 
R E P O R T  
THE LANDING FLARE: A N  ANALYSIS 
AND FLIGHT-TEST INVESTIGATION 
Edward SecRel 
Prqdred by 
PRfNGETON UNIVERSITY 
Princetea, NJ. 08540 
/a, , k ~ g J q  B s e ~ ~ r c b  Cmtw 
--- - I _ I- _ -___ 
- - - - - - - - 
U T l O n A L  LEBOYAUn(I AWR S P I C E  AOMIWISTIATlOM ' WASAJRGTQHt 
A S A  CW 
https://ntrs.nasa.gov/search.jsp?R=19750014263 2020-03-22T21:36:05+00:00Z
LARE: AN ANALYSIS AND FLIGHT -TEST 
The  r e s u l t s  a r e  given of a n  extensive invest igat ion of conventional  landing f l a r e s  in 
g e n e r a l  aviat ion type a i r p l a n e s .  E s p e r i m e n t a l  landings in  a  v a r i a b l e  -s tabi l i ty  Navion have 
s imula ted  a  wide range  of p a r a m e t e r s  influencing f l a r e  behavior .  
T h e  m o s t  i m p o r t a n t  f e a t u r e  of the f l a r e  h a s  tu rned  out t o  be t h e  a i r p l a n e ' s  d e c e l e r a -  
t ion  in the f l a r e ,  and it  h a s  been  found t o  be  possible  to  c o r r e l a t e  v a r i o u s  e f fec t s  on th i s  in 
t e r m s  of t h e  a v e r a g e  f l a r e  load f a c t o r .  
C e r t a i n  kinds of ground e f fec t s  a r e  found t o  be favorab le ,  if t h e y  a r e  s m a l l  and i n  
t h e  r igh t  combinat ion.  P i lo t ing  technique i s  extensively d i s c u s s e d .  C e r t a i n  impl ica t ions  
f o r  des ign  a r e  p r e s e n t e d .  
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NOTATION AND SYMBOLS 
Measurements  and calculations w e r e  made in the  U. S. Cus tomary  Units. 
They a r e  p resen ted  he re in  in the International  Sys tem of Units (§I) followed by 
the  U. S. Cus tomary  Units in paren theses .  
A wing aspec t  r a t i o  
C~ d r a g  coefficient = D /  qS 
pa ra s i t e  d r ag  coefficient = D / qS P 
lift  coefficient = L/  qS 
a C ~  
slope of the l if t  curve = --- a@ 
p.itching moment  coefficient = MI qS c 
ac 
m pitching moment  coefficient due t o  control  deflection = -
as 
d r a g  acting on the a i r c r a f t ,  N ( l b s )  
1 aD longitudinal acce le ra t ion  due to angle of a t tack = - - 
f t /  sec2 m acz ' 
m /  sec2/  r a d  ( 
r ad ) 
effective d r a g  acce le ra t ion  due t o  control ,  defined in Equation 4b 
speed s tabi l i ty  in tegral ,  defined in Equation 11, s e c  a 
a i r c r a f t  pitching moment  of ine r t i a ,  kg -m2 (s lug -ft2) 
lift  act ing on the a i r c r a f t ,  N ( Ibs )  
1 aL  
ve r t i c a l  accelera t ion due to  angle of a t t ack  = - - 
f t /  sec2 m 6cz ' 
m /  sec2  / r a d  ( 
r ad ) 
1 a L  
ver t i ca l  accelera t ion due to con t ro l  deflection = - - 
f t /  sec2 m 26 ' 
m /  s e c 2 /  r a d  ( 
r a d  1 
effective lift  accelera t ion due to  control ,  defined in Equation 4c 
ve r t i c a l  accelera t ion due to  velocity = - I -- a L  l /  s e c  
m a V  ' 
M pitching moment acting on the a i rc raf t ,  N-m (f t - lbs)  
1 aM r a d l  sec2 pitch acceleration due to angle of attack = ---- ---- I ?cu ' rad  
1 aM r a d l  sec2 pitch acceleration due to  control deflection = - -
I 36 ' rad  
Y 
1 aM r a d l  sec2 pitch acceleration due to velocity = ----- - 
I 3V'  ft I s ec  
Y 
(N - x ) maneuver margin 
m C G  
- ) stat ic  margin (No - X~~ 
P . R .  Cooper -Harper pilot opinion rating 
S a i r c ra f t  wing a rea ,  m2 (ft2) 
T thrus t  acting on the aircraf t ,  N ( lbs)  
T  - Dg 6 net longitudinal acceleration due to  control deflection 
- - 1 a T  aD 
- m / s e c 2 1 r a d (  f t /  sec2 m rad ) 
T - D  1 [ a T  aD net longitudinal acceleration due to  velocity = - - - - 1, 
v v 
m /  sec2 , f t /  sec2. m av av 
m /  sec  ( f t /  sec 
a i r c ra f t  velocity, knots ( f t l  s e c )  
a i r c ra f t  weight = mg, N ( lbs)  
mean aerodynamic chord, m ( f t )  
span efficiency factor 
2 
acceleration due to gravity, m l  sec  ( f t l  sec2 ) 
altitude, m ( f t )  
pitching radius of gyration, m ( f t )  
a i r c ra f t  m a s s ,  kg (s lugs)  
load factor 
7T 
( )A 
( l o >  ( 1 S S 
( )td 
- 
7 0  ave 
2 dynamic p res su re ,  N / m  (psi)  
d differential  operator  with respect  to AY; i. e . ,  - 
d(AY 
t ime,  sec  
t ime required for  the f la re  maneuver ,  sec  
angle of attack, rad 
flight path angle, rad  
increment f rom a reference steady-state condition 
incremental l i f t  force due to ground effect 
incremental pitching moment due to ground effect 
t ime average of load factor variation 
nondimensional velocity perturbation = AV/ V 
0 
elevator deflection, rad 
throttle deflection 
D '  
AY backsidedness parameter  = g (--) = - [ D  - T - - ' L 1, per  sec  
BV s s  v v L ' &  v 
0 
specialized backsidednes s parameter  = - h ,  diinensionles s 
g 
3 .  14159 
denotes the approach condition 
denotes the steady -state condition 
denotes the touchdown 
denotes an average value 
THE LANDING FLARE: AN ANALYSIS 
AND FLIGHT -TEST INVESTIGATION 
By Edward Seckel 
Princeton University 
SUMMARY 
A theoret ical  analysis i s  presented a s  a basis  for understanding the 
flight mechanics of conventional landings and to define parameters  t o  be 
varied in actual  flight -test  landings in a variable -stability a i rc raf t .  The 
overal l  objective i s  t o  understand the influence of various factors  on 
landings and to see  h o l ~  to  improve,  for  the pilot, the i r  ease  and quality. 
Emphasis  i s  on ranges of parameters  typical of conventional, light 
general-aviation airplanes landed in a conventional manner.  
The analysis and the experiment have largely focused on the landing 
f la re .  It is  a complicated t ransient  maneuver involving many interrelated 
and interacting effects, and it i s  c l ea r  that it contains some important 
piloting problems. 
The landing f la re  i s  dealt with qualitatively by means of l inearized 
equations to  demonstrate the influence of various pa ramete r s .  These in - 
clude approach speed and flight path angle,  touchdown velocity, drag  and 
thrust  aerodynamics,  control coupling, control technique, and ground ef - 
fects.  All  these effects and related parameters  have been extensively 
varied in actual  landings, with evaluation and commentary by an exper t  
t e s t  pilot. 
The most  important feature of the f l a r e  has  turned out to be the a i r  - 
plane 's  deceleration in the maneuver.  If too l i t t le,  the airplane floats - 
if too much, it sinks. It has  been found to be possible to cor re la te  various 
effects on this  in t e r m s  of average f la re  load factor.  An additional pa ra  - 
mete r  of some significance is  a cer ta in  weighted integral of the speed s t a -  
bility. Certain kinds of ground effects a r e  shown to be favorable,  if they 
a r e  smal l  and in the co r rec t  combination. Piloting technique i s  extensively 
discussed. Finally,  some rules and procedures for  predicting the d i f f i -  
culty of landings a r e  presented. 
INTRODUCTION 
Landings have always been the most  difficult p a r t  of ordinary flying. 
They a r e  the bugaboo of a l l  c lasses  of pilots. At bes t ,  they a r e  difficult 
f o r  beginners to learn .  At wors t ,  under poor conditions of wind and turbu-  
lence, they a r e  difficult and dangerous even for  experts .  And they a r e  
where the l a rges t  numbers  of accidents occur.  
There a r e  airplanes with good reputation and good record for landings. 
And there  a r e  some known t o  be hard to  land, with poor accident records .  
But there  a re .  a g rea t  many interrelated fac tors  that influence these quali-  
t i es ,  and the i r  scope and interactions have not been well understood. The 
objective of the r e s e a r c h  reported herein was to  develop a fuller understand- 
ing of the various fac tors  involved, to  explore them in flight tes t s  with land- 
ings in a variable -stability a i rc raf t ,  and to  draw conclusions that could lead 
to  improvements in the ease  and quality of conventional landings in light, 
general-aviation type a i rc raf t .  
The experimental  landings were  performed in the variable -stability 
Navion, N5113K (Fig .  1). Actual touchdowns were  performed,  in touch - 
and-go s tyle ,  f r o m  variations in approach speed and angle, a l l  under 
visual flight rules  (VFR). Vert ical  (glide slope) approach guidance was 
provided, consisting of two rows of lights to  indicate, by the i r  alignment, 
the proper  approach path. Variations of lift, d rag ,  moment aerodynamic 
charac ter i s t ics  were  produced by standard variable  -stability techniques, 
using the five-axis sys t em of the Navion. The sys t em,  which i s  descr ibed 
in grea ter  detail  in Reference 1, has  a computer-controlled Beta propel ler  
fo r  drag simulation, and a computer -controlled double -acting flap fo r  lift 
simulation, in addition to  the usual  aileron, rudder ,  and elevator computer - 
commanded controls.  Various aerodynamic pa ramete r s ,  including control 
coupling and ground effects, were  simulated .by sensing and routing appro - 
pr ia te  signals to the control -command computers.  F o r  simulation of 
ground-effect, the sensor  of height was a r ada r  a l t imeter ,  the electronic 
output of which was used to command flap and elevator actions. The evalua-  
tion pilot operated the airplane fly-by-wire by means of wheel, throttle,  and 
pedal levers  of conventional types. A safety pilot was present  a t  a l l  t imes ,  
and he assis ted in observing and reporting resu l t s ,  a s  well  a s  in setting up 
simulation conditions. 
Concurrently with the program reported he re ,  a flight project i n -  
volving wing spoilers on a light general-aviation a i r c ra f t  has  been conducted 
nearby. That project,  References 2 through 5, with somewhat s imi lar  ob- 
jectives,  has  furnished much useful information and understanding to  this 
one, a s  an important special  case .  This report  deals with generali t ies 
and fundamentals of the problem, whereas the other project  concentrated 
on a par t icular  sys tem - spoi lers  - on a particular airplane. The exper i -  
mental  methods of the two projects have been different,  but their  objectives 
have been s imi lar  and the i r  findings a r e  entirely consistent. 
FLIGHT MECHANICS OF THE FLARE 
The landing "flare" i s  the transit ion between the steady descending 
"approach" and the "roll-out" along the runway to a stop. Its beginning and 
end a r e  the "flare point" and "touchdown, " respectively.  It i s  a maneuver 
caused by control action; the motions a r e  t ransients ;  there  a r e  acce le ra -  
t ions both of flight path and velocity - and so ,  of course ,  they a r e  
governed by Newton's Law. 
F o r  flight paths that a r e  almost  horizontal:  
Various approaches to  these equations a r e  useful. One, which may 
not be accurate  enough f o r  quantitative estimations,  but which i s  ve ry  good 
for understanding and demonstrating various effects, is a l inearization, a s  
~ o ~ ~ o v J S .  
Linearized, Constant-Coefficient, F l a r e  Equations 
In the usual  textbook jargon, equation ( l a )  i s  a general  f o r m  of the 
Drag Equation. It is  linearized by using truncated Taylor se r i e s :  
and 
Defining, in addition, 
Taking the expansion point, ( ) , t o  be a steady-state approach condi- 
0 
tion, corresponding to  the initial condition for  the f la re  
and 
In s imi lar  t e r m s ,  the Lift Equation may be written 
In keeping with the l inearization of the dynamic equations, we now in - 
voke an approximate moment equilibrium. We assume that adjustments of 
a ,  which a r e  governed by pitching moments ,  take place without dynamic 
lag o r  overshoot. Roughly, this corresponds t o  suppressing the "short  - 
.', 'P 
period mode, I '  and involves the relation 
Substituting in ( 3 )  and defining 
we find 
and finally, these can be combined in the f o r m  
where 
.l, , 
This  express ion  implicit ly contains the assumption that  Mv = 0. This probably 
i s  reasonable fo r  the conventional, general-aviation,  light a i rplane.  In addi-  
t ion,  M, should be based on "Maneuver Margin": 
- 
- 
L N - x  
- qsc CY effective M - --- 
cy I 'L ( N m  - *cg) = (k ,--,a c g )  ( - 
Y CY C Y 
In this ,  s '  i s  the operator  for  differentiating with respec t  to  A?, and 
the equation could be said to  represent  an equivalent f i r s t -o rde r  sys tem 
with a s tep and a ramp input. If An i s  considered a constant, ( 6 )  i s  a con- 
stant -coefficient equation with AY the independent variable and AV ' the un - 
known dependent variable.  It is  a useful basis  for  examining various effects  
on V, Y t ra jec tor ies  during the f lare .  
In general ,  the solution of ( 6 )  i s  
F o r  the special  limiting cases  
Speed and Flight -Path Tra jec tor ies  in the F l a r e  
The f lare  maneuvers  can well be viewed on a graph of V and Y, a s  a 
t ra jec tory  f rom an approach point to  a touchdown point, a s  shown in 
F igure  2.  The coordinates of the approach point (V A ,  Y A )  can be a r b i -  
t r a r i l y  selected, but of course the i r  values will strongly affect what 
happens in the maneuver.  The touchdown point would normally be taken 
a t  a knot o r  two above stalling speed and a foot-per-second or  so  of sink 
ra te .  But some variations would be acceptable, so  touchdown conditions 
t rans la te  into a smal l  zone, a s  shown in the figure.  
Effect of Load Factor  
F r o m  the various equations ( 7 ) ,  it can be seen that the V , y  t ra jec tor ies  
a r e  concave downward to  the left, f rom an  approach point toward the touch- 
down zone. Although in general  the various parameters  interact  to some 
extent, it can be seen that the family of V, Y t ra jec tor ies ,  for  different  An, 
i s  a fan with low (o r  z e r o )  An cases  going almost  directly left  on the dia-  
g ram,  and with very large (or  infinity) An cases  going almost direct ly  up- 
wards.  This i s  very basic and important: 
F o r  very  low load-factor f l a r e s ,  large velocity changes 
(for  a given AY) will occur - the higher the load-factor,  
the smal le r  the velocity changes. 
This immediately produces some important conclusions 
1)  An airplane which - ei ther  because of its inherent cha rac te r -  
i s t ics  o r  because of selected approach conditions - tends to  
"float" in the landing, will have to  be f lared very  gradually, 
a t  low load factor .  
2 )  An airplane tending to  decelerate  rapidly and hit hard  in 
touchdown, will have t o  be f la red  very abruptly, with r e l a  - 
tively high load factor.  
3 )  Other factors  aside,  an increase in approach angle, 
"A' 
will require a higher approach speed, o r  a more  abrupt 
f l a re ,  o r  a combination. 
Effect of Speed -Stability 
The speed-stability parameter ,  A', tends to  rotate the t ra jec tor ies  up- 
wards and t o  the right,  on the d iagram,  i f  i ts  value i s  negative. It has  the 
la rges t  effect a t  low load-factors,  where for  the limiting case ,  An = 0 ,  since 
This i s  shown in Figure 2 .  
7 
Thus an airplane with speed-stability, on the front s ide,  will tend to  
float and call  for gradual f l a re s .  Cases with negative speed stability (A' > O), 
on the back s ide ,  will tend to  decelerate rapidly and sink, calling for  abrupt 
f la res  for  successful  touchdowns. 
Effect  of Control Drag/  Lift P a r a m e t e r ,  - 
L ' b  
D ' 6  The control pa ramete r ,  -- , a lso  t i l t s  the V, Y t ra jector ies  one way o r  
L '6  
another depending on the sign. This has  the la rges t  d i rec t  effect at  large 
An, where in the limiting case  An = the slope i s  exactly 
D ' 6  Since, however, the speed -s,tability pa ramete r ,  A ' ,  a l so  contains - 
= 6 
according to  (6a) ,  the effect of - L'6 i s  a l so  felt indirectly a t  low An, even 
L'6 
for  An = 0. 
The usual  case  of the conventional elevator control has  L '  and Dl of 6 6 
the same sign - mostly due to the angle -of-attack change resulting f r o m  
control, according to  equation (4a ) .  Its effect i s  toward rapid deceleration 
in the f l a re ,  calling for abrupt f la res .  
The pure lift control would have Dlg= 0,  and would have a ver t ica l  V, Y 
t ra jec tory  fo r  An = ,. The speed stability character is t ic  is  front side,  
A '  < 0. 
D16 A spoiler control with proper t r i m  changes would probably have 7 < 0. 
6 
It would rotate the V, Y t ra jec tor ies  upward to the right, tending to  produce a 
floating charac ter i s t ic  that calls for gradual f la res .  A throttle control nor  - 
mally has the same  effect. But neither of these normally has  enough l i f t  
authority to  be used by itself for  the landing f lare .  It will,  instead, be used 
a s  a second control,  coordinated with the s t ick o r  wheel, a s  discussed next.  
Use of a Second Control 
In the previous simplified analysis and discussion of the f la re  maneuver,  
we have provided for use  of only a single control; and by treating load factor 
a s  a constant, we have implicitly specified how the control was applied to do 
the maneuver. As we hinted i.n the previous paragraph,  in this context of 
the conventional, general  aviation light-plane, it i s  pret ty  c l ea r  that the 
p r i m a r y  control must be the wheel. It is  the only one with sufficient 
authority and sensitivity, with good enough feel  and response,  for the d e -  
manding t a sk  of the landing f la re .  It i s  c lear  f r o m  the above analysis and 
discussion - and of course  f r o m  experience, a l so  - that landings can be 
done using the wheel control by i tself .  It i s  natural  and obvious to  con - 
s ide r  why and how a second control - like the throttle - would be used in 
addition. 
The landing i s  a multi-variable control task. The pilot has  to  control 
altitude, flight path, a i rspeed - simultaneously - and the only reason it can 
be done at  a l l  with a single control i s  that the var iables  a r e  coupled together 
by integral relationships like the differential equations ( 1 ). It i s  intuitively 
and experimentally obvious that a pilot can learn to do a maneuver - in 
which a l l  the var iables  change a s  required - using only one control,  if he 
has  it demonstrated to  h im and i f  he  pract ices .  But it would be surpris ing 
if t rue  feedback behavior, with separate  sensing and controlling of a l l  the 
motion variables ,  were feasible with only a single control,  except a t  a low 
level of performance. Better performance in the presence of disturbances,  
like wind and gusts ,  and bet ter  recovery f r o m  e r r o r s ,  i s  possible with two 
controls. 
The pr imary  control,  with good authority over the glide path, i s  the 
wheel. The throttle,  with independent authority over thrus t ,  i s  normally 
secondary. It might be used by the pilot to  clean up res idual  deviations 
in velocity f r o m  a reference variation corresponding to  a nominal wheel- 
only maneuver.  This possibility - which i s  perfectly r e a l  - has  been ex -  
tensively explored in another project a s  well (References 2 thrc-.igh 5 ) .  In 
any case ,  the wheel-only landing i s  a ve ry  useful reference technique. With 
only a single control, the action quickly becomes well-defined in exper i -  
mental  landings, and the effects of var ious parameters  a r e  easi ly  seen. 
The analysis and discussion of V,Y t r a j ec to r i e s ,  previously presented,  
a r e  quite wel l  corroborated in experiments.  
Even aside f r o m  countering disturbances o r  correct ing e r r o r s ,  the 
reference piloting technique can, of course ,  involve some use of the throttle.  
One way is to open the throttle in the f l a re ,  and then close it a t  o r  just be - 
fore  touchdown. Of course this action rotates  the V,Y t ra jec tor ies  upward 
to the right in the diagram, tending to  produce floating by (relat ively)  ac  - 
celerating the airplane - hence the t e r m  accelerate  technique. With this  
technique, the trade-offs with other individual effects would ca l l  fo r  lower 
approach speed, lower f la re  load factor ,  o r  s teeper  approach angle. 
The opposite way to use the throttle is  t o  r e t a rd  it through the f lare .  
This produces additional deceleration of the airplane in the maneuver ,  and 
i s  called the decelerate  technique. With this method, equivalent landings 
would have higher approach speed, higher f la re  load factor ,  o r  lower a p -  
proach angle. 
With one technique o r  the other ,  o r  perhaps even a combination of the 
two, a pilot can  s t ee r  his  V,Y t ra jec tory  anywhere around the diagram that 
he wants to  go. But many t r ia l s  in both the other program (Reference 5 )  
and this one have shown that the eas ies t  technique - which gives consistently 
accurate ,  comfortable landings and which provides for  the eas i e s t  accom- 
modation of turbulence and correct ion of e r r o r s  - i s  a par t icular  kind of 
decelerate  technique. It involves a steady re t a rd  action of the throttle 
through the f la re  to  power off a t  o r  just before touchdown. It is  found 
that steady rea rward  action on the wheel i s  a l so  favorable,  and s o  these 
two favorable actions a r e  in the same direction, well correlated.  In this 
most  favorable case ,  the two control actions a r e  very direct ly  coordinated - 
almost  a s  though they were  geared together.  In some respec ts ,  the dual 
action works just like some equivalent single control. 
Most of the experimental  landings reported he re  have been done with 
the single control ,  wheel-only technique. They a r e  e a s i e r  to identify, r e  - 
peat and evaluate in the experimental routine - involving many landings 
and many pa ramete r s .  But it should be kept in mind that any wheel-only 
landing can be made somewhat more  easi ly  by using the "decelerate tech-  
nique, " and by entering the f lare  f rom a slightly higher approach speed, 
VA. This will  be clarified by additional discussion and experimental r e  - 
sults in the next sections.  
Ground Effect 
Airplanes experience changes of aerodynamic forces  and moments a s  
they approach the ground. These so  -called ground effects a r e  usually an 
increase of lift, a nose -down moment, and a reduction of drag.  They oc - 
cur  late in the maneuver of landing, and they probably do not affect the 
speed variations appreciably. The drag reduction rotates the fan of V, Y 
t ra jec tor ies  clockwise, and hence requires  a lower load factor for  a given 
f la re .  It shifts the airplane toward a tendency to float, and hence it makes 
a floater worse ,  and improves a s inker .  But this  effect,  occurring late in 
the maneuver,  i s  considered to  be of little significance. The effects of the 
lift and moment changes a r e  felt  in the control actions required for  the 
maneuver.  They tend to be opposite and compensating in this respect .  
The l i f t  increase ,  by itself, i s  a s o r t  of cushion, producing a ver t ica l  
stability nea r  the ground. The more  important effect,  however, is  t o  r e  - 
quire  a nose -down attitude change to maintain lift equilibrium, and this  
may cause a problem of wheelbarrowing. This could be an important f ac -  
t o r ,  but it was not represented in the experi,ment reported here .  I n  these  
experiments ,  the lift ground effect requi res  a forward increment of s t ick  
control to  maintain the required load factor through the f lare .  
The ground-effect moment change in the nose -down direction tends,  
by itself, to  increase the rearward  wheel deflection required through the 
maneuver.  In cases  which otherwise require  very  little control action, 
this may be an advantage. An example is  the floater,  where the required 
is  ve ry  smal l .  In any case ,  the moment change tends to  balance the 
forward control deflection required to  compensate the ground-effect in-  
c rease  of lift. Ext reme values of nose-down moment, perhaps combined 
with a sinking situation - where large control action i s  necessary  anyway - 
would probably be a disadvantage. 
EXPERIMENTAL LANDINGS AND RESULTS 
A grea t  many (approximately 7 00) experimental landings have been 
performed in the variable -stability Navion, N5 113K, (Fig.  1) of Princeton 
.%, 
University. They have been performed by an expert 'experimental t e s t  - 
pilot, who has evaluated their  qualities with extensive commentary and 
Cooper -Harper ratings.  Every  landing was tape -recorded fo r  play-back 
and analysis.  The various pa ramete r s  of significance to the landing t a sk  
were  varied over broad ranges by means of the variable -stability features  
of the airplane. In the following sections,  we present  the resu l t s  and the i r  
interpretation. 
All  the landings were  good, o r  successful,  since they were  a l l  on the 
runway, did not break  the airplane, and would have resulted in reasonable 
stopping dis tances.  But because of their  different aerodynamic and flight 
pa ramete r s ,  they called for different pilot technique and they var ied  
great ly  in piloting difficulty. 
Sample landings a r e  shown in F igure  3. In one par t  of the figure,  
t ime h is tor ies  a r e  reproduced. Initiation of the f l a re  i s  indicated by 
.t, 1- 
Extensive recent  experience in handling qualities evaluations with in -flight and 
ground-based s imulators;  par t icular ly relevant a r e  landing evaluations of 
spoiler -equipped lightplane, powered -lift STOL t ranspor t ,  and STOL t ranspor t  
with adverse  ground effect ,  a s  well  a s  subject program.  Over 5 0 0 0  hours total .  
st ick action, and touchdown by the landing gear  s t rut  acce lerometer .  The 
time between the two points i s  used to  calculate the average load factor  
through the f la re ,  according to  
- 
v 
ave A'Y . 
V 
- zve 'A A n = -  -  - -  - 
g At g At 
Of course  Y was governed by the setting of the approach guidance l ights,  A 
used by the pilot in every landing to control the approach glide path. 
The data a r e  a l so  displayed in the fo rm of control deflection and flight 
path angle against velocity - the t ra jec tor ies  discussed in the section on 
flight mechanics.  
Of the two landings shown, the f i r s t  was a floater.  There  was very  
little control action and very  little deceleration through the f la re .  The 
pilot e i ther  had to accept a hot touchdown or  manage the long, awkward 
f la re .  He assigned the relatively poor rating number of 5 .  
The second landing was a s inker .  Posit ive action on the s t ick was 
necessary ,  and the f lare  was quite abrupt. The timing of the maneuver 
was cr i t ica l ,  and there  was a strong possibility of a hard  touchdown. The 
touchdown was ,  in fact,  short  - in front of the designated landing zone. 
The pilot rating was poor, 4$ to 5. 
The accuracy of touchdowns within groups of landings i s  shown in 
F igure  4. The black circled points show the averages,  with the ranges 
indicated by the l ines.  The number of landings in these groups i s  
not large,  and s o  the information is  only qualitative. 
0 F igure  4 ,  for  one approach angle, YA = -.08 rad ( -4. 5 ) shows clear ly 
that  a s  approach speed and front -sidedness increase,  dispersions in - 
c rease  and touchdown occurs  fur ther  down the runway. These a r e  the 
typical features  of floating, and a r e  downrated by the pilot. 
The back-side configuration, S -206, requires  a higher approach 
speed to  reduce the sinking tendency. The short  landing of Figure 3 i s  
a t  the left  end of the range shown in F igure  4. These cases  that tend to  
s ink rapidly have to  be f lared very  abruptly unless entered a t  an increased 
approach speed. 
The effect of approach angle i s  a l so  indicated in Figure 4 ,  where it is  
c l ea r  that the shallower approach shifts touchdowns fur ther  down the runway. 
The effect i s  toward floating with long touchdowns and large dispersions.  
Observed Effects of Individual P a r a m e t e r s  
a )  Load factor  
It is  intuitively obvious f r o m  the flight mechanics discussions of the 
previous sections,  and a lso  f r o m  pilots '  descriptions of landings, that the 
load factor required in the f la re  i s  an important parameter .  On the one 
hand, a cer tain load factor is  necessa ry  to  make the V,  Y t ra jectory go 
f r o m  the f la re  point to  the touchdown point. Airplane charac ter i s t ics ,  
approach pa ramete r s ,  o r  control techniques that tend to  produce "float - 
ing" - not enough deceleration - cal l  for a long gradual f la re  and a low 
load factor.  The opposite, where the airplane decelerates  too rapidly 
and sinks too fas t ,  cal ls  for an  abrupt f la re  and a high load factor.  And 
s o  it seems  that  the average load factor in the f la re  might be 7. convenient 
measure  of a tendency to float, o r  a tendency to sink. This has  turned out 
to be the case  for the data of this experiment.  The pilot evaluations of 
seve ra l  effects which influence the deceleration through the f la re  a r e  
nicely correlated in t e r m s  of average load factor.  
Of course  the average load factor does not uniquely and completely 
specify the f la re  maneuver.  A given z c o u l d  correspond t o  an infinite 
var iety of t ime his tor ies  of An, with different V , Y  t ra jec tor ies .  Never-  
the less ,  with the type of t ime his tor ies  typical of the f l a re  maneuver,  the 
average load fac tor ,  An, does apparently provide a measure  of floating o r  
sinking. 
The  pilot doesn ' t  like the "floater" situation. The corresponding f l a r e  
i s  too gradual ,  too long and drawn out. It h a s  to be s t a r t ed  too high and he i s  
exposed to problems of winds and gus t s  for  too long a t ime .  The  exact  touch-  
down point i s  h a r d  to control ,  and s h o r t ,  p rec i se  landings a r e  not consistently 
achievable.  The inexper ienced pilot i s  apt t o  overcont ro l  and "balloon, " and 
d r o p  in a t  the end. An example  of pilot commentary  i s :  
"This configuration s e e m s  to  acce l e r a t e  a s  you put in a nose -up pitch 
input. . . . . v e r y  delicate con t ro l  situation. . . . . " (S -1 03, 70 k t s )  
The opposite c a s e ,  whe re  the  a i rp lane  dece l e r a t e s  too rapidly and s inks ,  
i s  even m o r e  difficult. The abrupt  f l a r e  mus t  be s t a r t ed  la te ,  c lose  to  the  
ground,  and the  t iming of it  i s  v e r y  c r i t i ca l .  The whole maneuver  i s  quick, 
with l i t t le  opportunity fo r  the  pilot to  observe  the si tuation and adjust  o r  c o r  - 
r e c t  an  e r r o r .  The control  action may  be uncomfortably l a rge  and the  high 
load fac tor  m a y  even p rema tu re ly  s t a l l  the a i rp lane .  Severe  c a s e s  of t h i s  
kind wi l l  occasionally produce v e r y  h a r d  touchdowns and may ,  of cou r se ,  
damage  the  a i rp lane .  Typical  pilot comments  a r e  : 
"Note h e r e  that  you can ' t  s top the sink once the dece le ra t ion  s t a r t s .  . . 
You u s e  a big, continuous s t i ck  input, but you just c an ' t  s top t he  
sink. It just dece l e r a t e s  too f a s t . .  . . " (S-206, 70 kts)  
"Even with t he  e x t r a  5 knots h e r e ,  you can ' t  s top the  sink.  The 
con t ro l  movement i s  a favorable ,  continuous r e a r w a r d  movement ,  
but I ' m  getting f i r m  touchdowns; I just can ' t  quite f l a r e  the a i rp lane  
completely. . . . . " (S-206, 75 kts)  
T h e r e  i s  some in te rmedia te  load factor  that  r ep re sen t s  the bes t  c o m -  
p r o m i s e  between these  opposite f laws.  It i s  quite c l ea r ly  shown in the  data 
of F igure  5.  P i lo t  Opinion Rat ings ,  on a Cooper -Harper  s ca l e ,  a r e  shown 
a s  a function of the average f l a r e  load fac tor ,  f o r  var ious  approach path 
ang les .  These  landings a r e  a l l  wheel-only, and s o  they cor respond  in 
style to the previous V ,  Y t ra jec tory  discussion. They include amongst the 
various configurations a wide range of drag and deceleration cha rac te r i s t i c s ,  
and a range of approach velocities. These data a r e  given in Table 1 f o r  the 
cases  plotted in F igure  5 .  
The open symbols in the var ious ,par t s  of the figure a r e  cases  f o r  which 
a cer tain weighted integral of the speed stability parameter  is  zero.  F o r  
these cases ,  speed stability itself ought not to be a factor ,  and the good 
correlat ion against load factor  suggests that this i s  so.  The prefer red  
average load factor  is about On = . 07, increasing slightly with approach path 
0 0 
angle through the range . 05 to  . 16 rad (3  to 9 ). Pilot evaluations degrade 
- 
gradually for  n n  below the optimum, and sharply for  On l a rge r  than optimum. 
These degradations relate to  the reasons  previously cited: a floating tendency 
demanding long, awkward f l a re s  and a sinking tendency needing abrupt,  c r i t i  - 
cally timed f l a re s ,  respectively. 
The pilot opinion ratings a t  the best  load factors  a r e  around 3. 0 on the 
Cooper-Harper scale .  This i s  a lmost  the best  that can be done with the 
wheel -only technique. With only the one control, regulation of velocity 
simultaneously with flight -path i s  difficult. Deviations of speed that r a n  - 
domly appear cannot easily be cor rec ted ,  and can  only be accommodated 
by adjusting the f la re  load factor a s  e i ther  a float o r  a sink develops. 
Allowing for  th is ,  and knowing that somewhat bet ter  evaluations can 
be obtained for  "decelerate technique, " it i s  of interest  t o  compare these 
resu l t s  with those of Reference 5 .  The p re fe r red  average load fac tors  
a r e  quite in agreement;  and the pilot ratings of the Reference, where the 
"decelerate technique" was used, a r e  indeed somewhat be t te r .  The use  
of throttle i s  considered la ter  in this  repor t ,  and fur ther  discussion of it 
will  be deferred to  that point. 
dY b )  Speed stabili ty,  (-) 
dV s s  
The shape and various details of the a i rp lane ' s  t h rus t /  d rag  curves 
determine the value of the speed stability parameter .  On the front side 
dY 
o f t h e Y , V c u r v e ,  (-) < 0 ,  a n d i t s  equivalent, p f c o u r s e ,  X 1 < O .  
dV s s  
The steady -state Y, V curves f o r  two configurations a r e  shown in F ig  - 
ure 6. These a r e  the extensively tested 5-103 (Front -s ide)  and S-206 
(Back-side).  The speed-stability parameter  i s  of course the slope of the 
curve shown, and varies  with speed and between configurations. 
dY In the experimental landings, changes of (-) produced tendencies 
dV s s  
to  float or  sink. These were manifested by lower or higher average load 
fac tors ,  a s  shown in Figure 5 ,  with corresponding changes in pilot evalua-  
tion. 
With configurations for  which the f lare  i s  partly or fully on the 
dY back-side,  with (-) > 0 and h '  > 0, there  appears to  be an additional 
dV s s  
difficulty. This re la tes  to the dynamic instability of speed variations of 
the airplane constrained to follow a flight path. Based mostly on intuition, 
we have hypothesized that a measure  of this might be 
t:* 
-,, , f [ I h l I  + h t J  :: : 
I ',. J 2 2 t dt , s e c  
4, *- 
In words,  the parameter  I i s  the t ime integral  through the f l a re  of 
the speed stability parameter ,  A ' ,  weighted by the t ime t o  go to  touchdown 
and counting only the back-side, h '  > 0. 
Indeed, this weighted integral  measure  of backsidedness does s e e m  
to correlate  well the extra  penalties in t e r m s  of the pilot ratings.  The 
contours faired in the Figure 5 a r e  l e s s  than perfectly defined, but they 
do s e e m  to f i t  the data pretty well, and there a r e  no glaring discrepancies .  
c )  Approach Velocity, v~ 
Changes of approach velocity affect the load factor required through 
the f la re .  The airplane approaching at high speed tends to c a r r y  through 
the f lare  and to  come out too fas t ,  which the pilot counters by reducing 
the load factor.  In the experiment there  were  cases  of this which were  
downrated a s  previously shown. And by the same token, slow approaches 
a r e  found in the data,  downrated by the pilot because they tend t o  sink. 
The pilot counters this by flaring more  abruptly, with higher load factor .  
These effects a r e  represented in Figure 5 a s  a function of Qn (and in 
Table 1). 
Of course  other problems associated with approach velocity a r e  a l so  
possible. Par t icu lar ly  obvious a r e  s ta l l  proximity and control de ter iora-  
tion with slow approach speeds,  and high rate-of-descent and gust s ens i -  
tivity with high approach speeds.  These effects were  not represented in 
th is  experiment,  and presumably did not contribute in any significant way 
to  the evaluations presented herein.  
d )  Approach angle, Y A 
The change, f r o m  beginning t o  end of the f la re ,  of the longitudinal 
(along the flight path) force,  i s  proportional to  Y the l a rge r  Y the A: A '  
l a rge r  the decelerating forces  in the f l a re .  Beyond that, the t ime in the 
f la re  i s  more o r  l e s s  proportional to Y and s o  even i f  the deceleration A' 
was constant, the speed loss  would increase with Y This means that A' 
fo r  the same f la re  load fac tor ,  the approach velocity would have t o  i n -  
c r e a s e  rapidly with Y A '  
There  a r e ,  for  the pilot, two main disadvantages of increasing Y 
A: 
The height of the f lare  point increases ,  making it m o r e  diffi - 
cult t o  judge the position and timing of the maneuver;  and 
the ra te  of descent in the approach i s  increased,  requiring 
more  accurate  timing and lead prediction for  initiating the 
f la re .  
To reduce these problems somewhat, the pilot compromises on a 
higher prefer red  average load factor ,  for  the higher Y The higher Qn A '  
i s  sometimes cited a s  a third disadvantage of increasing Y 
A' 
These factors  account for  the increase ,  with Y of the optimum load A' 
factor shown in both the data of Figure 5 and in Reference 5 .  Also, of 
c o u r s e ,  the pilot ra t ings  degrade somewhat with increas ing Y In t he  range A'  
of no rma l  approaches ,  f r o m  about t h r ee  to s ix  deg ree s ,  t h i s  effect i s  v e r y  
mi l e ,  even insignificant. It i s  impor tan t  only a t  the  higher  approach  ang les  
investigated i n  Refe rence  5. In t ha t  range ,  the difficulties of s ingle  con t ro l ,  
wheel-only technique become exaggerated,  and the  importance of the  second 
con t ro l  with "decelera te"  action is m o r e  pronounced. 
e )  Cont ro l  technique 
The  pilot of t h i s  exper iment  consis tent ly  r e p o r t s  that  the  con t ro l  ac t ion 
he  p r e f e r s  i s  a s teady,  r e a r w a r d  movement  of the  wheel  through t he  c o u r s e  
of the  maneuver .  Again, f r o m  pilot commentary :  
". . . . . t h e  con t ro l  movement i s  a favorable  s o r t  of thing, continuous 
r e a r w a r d  movemen t . .  . . . "  (S-206, 75 k t s )  
1 1  . . . . . the control  input looks m o r e  favorable ;  i t ' s  like the  204 a t  
70 k t s ,  o r  the 206 a t  75 kts .  A continuous r e a r w a r d  motion on the 
con t ro l  column. I '  (S-103, 65 k t s )  
He v a r i e s ,  o r  modulates,  t h i s  act ion a s  requ i red  by d i s tu rbances  o r  o the r  
random occu r r ences ,  but he  l ikes  the  action t o  be monotonic, without r e v e r -  
s a l s .  This  h a s  s e v e r a l  in teres t ing implications:  
It ca l l s  f o r  a min imum leve l  of s ta t i c  stabil i ty.  
It suggests  that  pa r t i cu la r  ground effects may  b e  benef ic ia l  - s e e  
l a t e r .  
- 
It sugges t s  an addit ional  difficulty fo r  v e r y  g radua l  (low An) f l a r e s ,  
o r  fo r  f l a r e s  with v e r y  l i t t le  velocity change (hence,  low approach  
speed,  VA). 
It sugges t s  an addit ional  penalty f o r  f l a r e s  involving high load f a c -  
t o r  near  the  end,  s ince  a t  that  point, n e a r  touchdown, r e v e r s e  
( fo rward)  act ion on t he  wheel  would be  needed. 
Now in t h e s e  "wheel-only" landings, we have not been able  to  s epa ra t e ly  
identify and de ta i l  the  e f fec t s  of five pr incipal  f ac to r s  and t he i r  nnmerous  
re la ted ,  dependent consequences.  In landings, they a l l  occur  s imul taneously  
in a big mix ,  and i t  i s  not possible to pinpoint the i r  i sola ted influences. T h e r e  
i s  no inconsistency,  however ,  with the  data  p resen ted ,  and it  i s  useful  i n fo r -  
mat ion f o r  the  ana lys i s  and prediction of t he  e a s e  of landing, a s  d i s cus sed  in 
a following section. 
The  u s e ,  through the landing, of a second ( l ike  t h ro t t l e )  con t ro l  i s  a n  ob-  
vious possibil i ty.  S e v e r a l  var ia t ions  have been t r i e d  and evaluated. By using 
"acce le ra te"  act ion ( fo rward ,  o r  open th ro t t l e )  in  the  f l a r e ,  the  pilot can handle 
"sink" s i tuat ions  without excess ive ly  l a rge  load f ac to r s .  And with "dece le ra te"  
act ion ( r e a r w a r d ,  o r  c lose  t h ro t t l e )  h e  can reduce  t he  opposite floating t end -  
ency. Some of the  l a t t e r  action s e e m s  to be the  be s t  possible ca se ,  whe re  
t he  th ro t t l e  movement  i s  s teadi ly  back through the maneuver  - monotonic and 
co r r e l a t ed  with the action on the  wheel.  The pilot f inds the  "accelera te"  
c a s e  - with opposite and d i s s i m i l a r  movements  of whee l  and th ro t t l e  - t o  b e  
awkward and unnatural ,  difficult t o  manage with consis tency and f inesse .  
"S-206 r e q u i r e s  a power addition some  place along the  line. The  
only comfor tab le  way to do it i s  to add power e a r l y . .  . . . and in the  
f l a r e  perhaps  reduce it  again  if  you have too much. Anyway, i t  
t u r n s  out to  be a r a t h e r  i m p r e c i s e  s o r t  of maneuver ,  having t o  do 
two things with the  th ro t t l e ,  fo rward  then back,  and modulate the  
f l a r e  and w o r r y  about sinking too much o r  decelera t ing too much 
. . . . . I ' m  uncomfortable  about the workload si tuation.  " (S-206, 
7 0  k t s )  
He f inds  t he  "decelera te"  c a s e  - where  the  throt t le  and wheel  mot ions  a r e  
co r r e l a t ed ,  a lmos t  l ike one act ion - t o  b e  the  bes t  of a l l .  
"Basic  203 i tself  i s  not a bad a i rp lane  - that  i s ,  if you u s e  a 
wheel-only technique on i t ,  you might get just a  l i t t le  f loat .  So  
t he  th ro t t l e  coordination t h a t ' s  de s i r ab l e  i s  a power reduction. 
And i t  works  out r a t h e r  well.  You s t a r t  back  with the  power 
r ight  along with t he  column in the  f l a r e ,  working the  two 
together,  aiid the re ' s  no problem really in figuring out what kind of 
throttle motion you need to  enable you to have a nice, steady pull on 
the column to  complete the landing. I get the feeling right away that 
I can do things pretty coi~sistently.  " (S -203, 70 lctts) 
It i s  an even better nominal, o r  reference,  action than the wheel-only case .  
In the la t ter  case  correct ive actions on the throttle a r e  a s  apt to  be forward 
a s  r eve r se ,  and he prefers  to simply vary  - o r  modulate - the rearward ,  
"decelerate,  ' I  movement of the lever .  With the same average load factor ,  
this  action will cal l  for  somewhat higher approach speed than for wheel- 
only technique . 
The wheel-only landings shown in Figure 5 exhibit an optimum rating 
on the C.ooper -Harper scale of about 3 .  The two -control landings shown in 
F igure  7, and also those of Reference 5,  indicate a s m a l l  improvement - 
the order  of 1/ 3 to 1 / 2 a rating unit - with best ratings about 2 -1/ 2 .  This 
s m a l l  but consistent difference relates  of course to the bet ter  coordination 
and the prefer red  throttle action associated with the "decelerateff  technique. 
f )  Coupling of the second control 
The l i f t  and moment due to  throttle a r e  a coupling which has some e f -  
fect  on the use of the control. The parameter  L' b T /  i s  a measure  of 
the i r  combination, and has  been varied over positive and negative values in 
the experimental landings. The parameter  could properly be called the 
"control position t r i m  change. I '  It determines how much the p r imary  con - 
t r o l  (wheel) has to be moved to maintain lift equilibrium after  a movement 
of the throttle.  It has  been shown rather  consistently ( for  example,  Refer - 
ence 3 )  that for the approach and flight path control, this t r i m  change pa ra  - 
m e t e r  i s  best  a t  zero .  This makes it easy  to  maintain speed even while ad - 
justing flight path. 
The combination t r i m  change parameter  colltains two pa r t s ,  represent -  
ing the separa te ,  o r  par t ia l ,  changes of lift and moment due to  power. These 
a r e  the two par t s  of the expression 
It h a s  been shown e l sewhere  (Reference 4 )  tha t  the mos t  favorable  c a s e  
f o r  flight path control  i s  
and 
Lb > 0 (hence,  M6 < O )  T T 
This  cha rac t e r i s t i c ,  where  advancing throt t le  l ever  i nc r ea se s  lift  and 
produces  nose  -down moment ,  i s  the na tura l  resu l t  of integrating wing spo i l e r s  
and throt t le .  It produces  a ve ry  favorable  quality in the  response  to  th ro t t l e  
l eve r  action.  
These  gene ra l  effects have been conf i rmed in fu r the r  deta i l  in the e x -  
pe r imen ta l  landings repor ted  h e r e  (F ig .  7) .  Through the f l a r e  and at touch-  
down, the  posi t ive  value of L i s  much apprecia ted by t he  pilot. He even 
6, 
p r e f e r s ,  f o r  t h i s  t a sk ,  a s m a l l  negative value for  t h e  combination p a r a m e t e r  
L ' 6 T /  DlhT . F o r  th i s  c a se ,  the  throt t le  act ions  to  c o r r e c t  both floating 
( r e t a r d )  and sinking (advance)  produce favorable  l i f t  changes to help  with 
t he  cor rec t ion .  F o r  the  opposite c a s e ,  L ' 6 T /  > 0, the lift changes 
a r e  the  wrong way; they tend to  defeat  the  cor rec t ion ,  and to  compound the  
problem.  
It i s  poss ible ,  however ,  to overdo the negative value of L '  / 
6~ 
If t h e  lift  change i s  too l a rge  and too pronounced, t he  throt t le  begins t o  
compete  with the  wheel f o r  lift control ,  and in ex t r eme  c a s e s  it could even 
necessi ta te  opposite, unfavorable, action on the wheel to  maintain lift 
equilibrium. The upshot i s  that an intermediate negative value s e e m s  
to  be best. This i s  consistently shown by Figure  7 f o r  severa l  different  
cases .  
The best value of L '6T/  for  this  t a sk  s e e m s  to be relatively 
independent of the other parameters .  The indicated optimum i s  the 
order  of 
Considering that in tasks involving speed holding, ze ro  might be p r e -  
f e r r ed ,  it seems  that a compromise in the range 
would be very  favorable. 
With M6T negative, i ts  t e r m  in the denominator of equation (12) simply 
increases  slightly the negative sum. It i s  a s m a l l  t e r m  which may be n e -  
glected to  perceive l imits  on the others.  Since Mg must  not be s o  la rge  T 
a s  to change the sign of the numerator  of equation (12),  it i s  c lear  that  a 
necessary  condition is 
This,  with the l imits on L ' 6 T /  suggests 
Translated into words,  these conditions a r e  that the par t ia l  (constant a )  
t r i m  changes due to  advancing throttle a r e  a moderate lift increase and a 
sma l l  nose -down pitching moment. 
These a r e  clear ly a l so  the conditions desired for wave-off, o r  aborted 
landing. Here  the decision to wave -off will be followed by rapid application 
of full power. Increase of lift and a smal l  nose -down moment a r e  certainly 
in the co r rec t  direction to inhibit settling into the ground or  stalling due t c  
increase in angle of attack. 
Whereas these favorable tendencies a r e  the na tura l  charac ter i s t ics  of 
wing spoi lers  used in the manner of Reference 5 ,  they would be hard  to  
achieve cons is  tently by design of conventional wing -flap -tail  configuration 
details. This,  of course,  i s  because the complicated propeller s l ip s t r eam 
and flap -tail aerodynamic interactions can only be predicted with powered - 
model wind-tunnel tes t s .  
g)  Ground effect variations 
Most of the experimental landings of this project  have been done without 
a l ter ing the na tura l  ground effects of the basic  Navion airplane. They a r e  
more  -or - less  typical of the conventional general-aviation light a i r c ra f t ,  and 
they se rve  a s  a logical base f rom which to va ry  the details. 
A s e r i e s  of landings, however, for  assor ted  combinations of the other 
pa ramete r s ,  have been performed in which the lift and moment ground ef -  
fects have been varied separately and in combination. These have been 
simulated, of course,  in the variable -stability airplane by sensing height 
with a r ada r  a l t imeter ,  and by using the signals to command lift and m o -  
ment  changes. The changes a r e  represented in t e r m s  of the na tura l  Navion 
effects, which have been estimated by means of a special  s e r i e s  of t e s t s .  
The resu l t s  of these a r e  shown in Figure 8, for  the various pa r t s ,  under 
the stated conditions. 
T h e  g r o u n d  ef fec t  func t ions  of F i g u r e  8 a  h a v e  a r b i t r a r y  s h a p e s  s t a r t i n g  
at a n  a l t i t ude  of 12 m ( 4 0  f t ) .  Although t h e  s h a p e s  a r e  a r b i t r a r y ,  t h e  m a g n i -  
t u d e s  of AC and  AC have  b e e n  e s t i m a t e d  f r o m  low p a s s e s  o v e r  t h e  r u n w a y  L m 
wi th  a n g l e  -of - a t t ack  a n d  e l e v a t o r  de f l ec t ion  c a r e f u l l y  c o m p a r e d  t o  u p  -and - 
a w a y  condi t ions  wi th  t h e  s a m e  s p e e d ,  con f igu ra t ion ,  a n d  p o w e r .  F i n a l l y ,  
sha l low a p p r o a c h e s  wi th  t h e s e  func t ions  r e m o v e d  show no t e n d e n c y  f o r  t h e  
a i r p l a n e  t o  f l a r e  ( f r o m  the  BC ) o r  p i tch  ( f r o m  t h e  AC ) O n e  s u c h  a p -  L m 
p r o a c h ,  w i th  the  Navion g r o u n d - e f s e c t s  c a n c e l l e d  is shown  in F i g u r e  8b. 
T h e r e  is no a p p a r e n t  t e n d e n c y  t o  change  a t t i t u d e  o r  f l ight  pa th  a s  t h e  
g r o u n d  is a p p r o a c h e d .  
T h e  d r a g  change  due  t o  g round  e f f ec t  w a s  d e t e r m i n e d  in p r e l i m i n a r y  
t r i a l s  t o  h a v e  negl ig ib le  inf luence  on  t h e  f l a r e .  It  o c c u r s  l a t e  in  t h e  m a n e u -  
v e r ,  a n d  t h e  s m a l l  a c c e l e r a t i o n  a t  t h e  end  i s  of l i t t l e  c o n s e q u e n c e  f o r  t h e  
landing .  Both pi lot  r e p o r t s  and  r u n s  l i ke  the  one  of F i g u r e  8 i n d i c a t e  t h a t  
t h e  l ift  a n d  m o m e n t  i n c r e m e n t s  a d e q u a t e l y  r e p r e s e n t  t h e  Navion  g r o u n d  
e f f ec t s .  
T h e  c h a n g e s  t o  touchdown a c c u r a c y  b y  v a r i a t i o n s  in  g round  e f f e c t s  
a r e  shown in  F i g u r e  9, f o r  one  a p p r o a c h  condi t ion  a n d  t h e  con f igu ra t ion  
S-205.  It i s  qu i te  c l e a r  t h a t  t h e  v a r i a t i o n s  of g round  e f f ec t  d o  not  g r e a t l y  
a f f e c t  t h e  landing  p e r f o r m a n c e ,  e i t h e r  touchdown point  o r  d i s p e r s i o n .  
T h e y  d o ,  h o w e v e r ,  a f f ec t  t h e  c o n t r o l  a c t i o n  r e q u i r e d ,  a n d  s o  they  a f f ec t  
t h e  d i f f icu l ty  of t h e  m a n e u v e r  a n d  t h e  pi lot  eva lua t ion .  
P i l o t  e v a l u a t i o n s  f o r  s i m u l t a n e o u s l y  v a r y i n g  t h e  l i f t  a n d  m o m e n t  
g r o u n d  e f f e c t s  a r e  shown i n  F i g u r e  9 f o r  t h r e e  c a s e s .  F o r  t h e  f r o n t -  
s i d e d  conf igu ra t ion ,  t h e  c o m b i n e d  g r o u n d  e f f e c t s  a r e  a p p a r e n t l y  a d i s - -  
a d v a n t a g e  s i n c e  t h e  pi lot  r a t i n g  i m p r o v e s  when  t h e y  a r e  r e m o v e d .  
Pi lo t  evaluation resu l t s  f o r  var ious  combinations of lift and moment  
ground e f fec t s  a r e  shown in F igu re  10. The back-sided configuration (S-206) 
shown in F i g u r e  10c exhibits r a t h e r  s m a l l  va r ia t ions  in ra t ings  except  f o r  the  
l a rge  -moment /  smal l - l i f t  and smal l -moment  / l a r g e  -lift combinations,  both of 
which a r e  degraded compared  t o  the  bas ic  Navion levels  ( L  = M = 1) .  This  G G 
i s  reasonable ,  f o r  the  l a r g e r  nose -down moment  fu r the r  degrades  an a l r e a d y -  
compromised  abil i ty to  f l a r e  the  a i rp l ane  with the  e leva tor ;  in  the  o the r  c a s e ,  
dec rea sed  nose -down moment  and i nc r ea sed  lift effect reduce  the  need f o r  
r e a r w a r d  s t i ck  motion (which t he  pilot finds to  be helpful in modulating t h e  
f l a r e ) ,  and introduce a s m a l l  but noticeable ballooning tendency which makes  
t he  landing l e s s  predictable.  The  bes t  c a se  i s  not sharp ly  defined, but a c -  
cording to the  f igure  would have  ground effects on t he  o r d e r  of 11 3 those  of 
t h e  b a s i c  machine.  
The  in te rmedia te  ca se  with neu t ra l  speed stabil i ty (S -205) p resen ted  
in F igu re  l ob  shows s i m i l a r  r e su l t s .  The m i x  of lift and moment  ground e f -  
f e c t s  i s  about r ight ,  but a lower  level  of each would be  advantageous.  
F o r  t h e  f ron t  -side configuration (S -1 03) shown in  F i g u r e  10a,  t h e  
ra t ing var ia t ions  a r e  again r a t h e r  s m a l l  and, compared  t o  the o ther  two 
c a s e s ,  not so  consistent .  However,  pilot comments  indicate that the  low - 
l i f t ,  l a rge-moment  c a s e  was  improved over t he  ba s i c  machine because  i t  
led t o  l a r g e r ,  m o r e  continuous r e a r w a r d  s t i ck  action during the landing. 
Lift i n c r e a s e s ,  on the other  hand, accentuated an a l ready  -annoying tend-  
ency t o  f loat  and balloon. 
Although the data  a r e  not sufficient t o  es tabl ish  a l l  t he  de t a i l s ,  it  s e e m s  
c l e a r  that ,  given the r ight  s i z e  and mix ,  these  ground effects a r e  advanta -  
geous .  The u s u a l  s igns ,  AM < 0 and AL > 0, a r e  favorable .  It looks G G 
a s  though the optimum mix of lift and moment shifts .toward pure moment 
with f ront  -sidedne s s  , and toward pure lift with back-s idednes s (Figure 1 Od). 
That seems  reasonable: since clear ly for the f loater ,  nose -down moment i s  
favorable and lift increase i s  unfavorable; and for  the s inker ,  the lift i n -  
c rease  i s  favorable and nose-down moment i s  unfavorable. The optimum 
level of these ground effects i s  the order  of 11 3 to  11 2 those of the basic 
Navion. 
Prediction of Airplane Landing Qualities 
We now attempt to  apply the experimental resu l t s  and theoret ical  con- 
siderations to  the problem of predicting the e l s e  and quality of conventional 
landings. It is  a formidable job, because of the large number of interrelated 
effects, and the rather  subtle interactions between some of them. 
The biggest single par t  of the problem is  to  predict  V, 7 t ra jec tor ies ,  
the charac ter  of which determines floating o r  sinking tendencies and a v e r -  
age load factor requirements.  But these t ra jec tor ies  a r e  affected by a l l  
the parameters  of the sys tem,  including control technique and approach 
conditions, a s  well  a s  the aerodynamics of the airplane. The linearized 
V,Y equations, previously used a s  a basis for  discussions,  a r e  not accu-  
ra te  enough for quantitative predictions. We have therefore devised a 
step-by-step method of constructing V, t ra jector ies .  It i s  a simple r o u -  
tine, and does not require  a digital computer. 
a )  Control for t r i m  
We begin with the lift and drag aerodynamics of the airplane in the 
form of steady-state 7 ,  V curves for  various throttle positions, fo r  flight 
f r ee  of ground effect. We a lso  use ,  although it i s  of l e s s  significance, 
static t r i m  curves of pitch control position versus  velocity, for  various 
positive load factors ,  a lso in flight f ree  of ground effect. F o r  low power 
levels,  we assume these a r e  independent of throttle position. 
Static longitudinal stability and t r i m  data would be needed to construct  
a se t  of t r i m  curves like those a t  the top of Figure 11. Flight t e s t  o r  wind- 
tunnel data would be best ,  but perhaps est imates  of static and maneuver 
margins would suffice. Starting with a reference control position to t r i m  
a t  C = 0 (which is  the asymptotic value for V -' ) ,  the steady-state curve,  L 
An = 0, can be given a s  
At a given speed, the increment  due to load factor would be 
The curves i l lustrated a r e  f o r  
b )  Trajectory 
= . 17 rad (10 deg) 
= 479  N I ~ "  (10 1b/ft2) 
= -1.431 rad ( - .  0251 deg) 
= . l o  
.15  
The steady-state Y ,  V curves can of course be measured in flight tes t s  
fo r  the purpose.  Or they can be derived f r o m  wind -tunnel measurements  
of drag  and thrust .  Or ,  a s  a l a s t  r e so r t ,  they can be predicted by the 
method outlined below. 
F o r  steady flight, equation ( l a )  becomes 
in which D can be based on the quadratic formula for  C D 
As a function of V (o r  q ) ,  this corresponds to  
If th rus t  were zero ,  then the negative of this would be Y . The two 
s S 
par t s ,  of course,  represent  the parasi te  drag and the induced drag.  It is  
well known that the negative y corresponding i s  a minimum a t  an inter  - 
s s  
mediate speed where the two pa r t s  a r e  equal. At speeds higher than this ,  
the airplane is on the front side ; and at  speeds below this ,  it is  on the back 
side. F o r  values typical of general  aviation light planes,  say 
0 
the minimum i s  y = -. 09 rad ( -5.3 ) at about 68 knots. 
min 
The variation of thrus t  with velocity, of course ,  depends on the type of 
propeller and the power setting. Usually the propeller windmilling at idle 
power setting will produce negative thrust  that increases  negatively with 
speed. At forward thrus t ,  the thrust  will decrease  with increase of speed. 
Rather complete propeller data would be required to predict  these va r i a -  
tions in detail; and over the sma l l  range of speeds of interest  in landings, 
it may be reasonable to  assume that thrust  i s  constant for a given throttle 
setting. The effect of opening o r  closing throttle,  then, on the Y vs  V 
s s  
curve would be to displace it vertically,  a s  in the family shown in F igure  11. 
Now a useful f o r m  of equations ( l a )  and ( l b )  for  a step-by-step t r a j e c -  
tory calculation i s  
As a way of getting s ta r ted ,  we recommend tracing a t ra jec tory  back-  
ward f rom a selected touchdown point, using this equation with favorable 
control variations in accordance with our experimental resu l t s .  
If the t ra jec tory  goes f r o m  the touchdown point to  a selected approach 
condition, with favorable control actions,  then the landing charac ter i s t ics  
would be predicted to  be easy. We il lustrate this calculation for  a case  of 
0 0 
Y~ = - .  08 rad ( - 4 . 5  ), V = 70 kts with touchdown a t  Y = - -01 rad  ( - .  5 ) A td 
[. 3048 m /  sec  o r  1 f t /  s e c ]  and V = 60 kts. 
td 
A favorable wheel action would be steadily backward, not reversing,  
0 
through the course of the f la re .  F o r  a . 08 sad ( 4 . 5  ) approach, the bes t  
average load factor i s  about 1. 07, Figure 5, and s o  a favorable wheel a c -  
tion would be the one shown a s  ( 1 )  on the t r i m  curves.  The corresponding 
favorable throttle action would be a steady retarding which would va ry  Y 
S S 
along a curve like the dotted line shown on the Y ,  V graph of Figure 11. 
.L ,#. 
A f i r s t  t ra jec tory  calculation backward f r o m  touchdown, with a 
. 07 load factor ,  i s  shown in the figure,  marked (1).  The calculation 
i s  detailed in Table 2. It i s  c lear  that the t ra jectory misses  the approach 
point on the low side,  and that either the load factor o r  the approach speed 
must  be reduced. 
4, -8- 
There is a sma l l  e r r o r  in the above procedure.  The induced drag would be 
a bit l a rge r  than contained in Yss because of the load factor in the f la re .  
It would be relatively simple to  co r rec t  for  this  by adding 
But f o r  the sma l l  load factors  of this maneuver, considering the other ap -  
proximations,  the ex t ra  calculation is  probably not worthwhile. 
A second t rajectory,  labelled (2 )  in the graph and. in the table,  a l so  fa l l s  
short  of the approach velocity, even though the average load factor has  been 
greatly reduced. It i s  c l ea r  that for the 10 kt margin  between approach and 
0 
touchdown velocities, and f o r  the approach angle of Y = -. 08 rad (-4. 5 ), A 
this airplane i s  distinctly a floater.  In this  case  of a f loater ,  the following 
alternatives s e e m  to be available : 
1 ) Accept the low approach speed. This may o r  may not be allow - 
able ,  depending on s ta l l  margins and control  charac ter i s t ics .  
2 )  Increase the approach angle Y This may o r  may  not be allow- A' 
able depending on the training and ski l l  of the pilot. 
3 )  Reduce the load factor  s t i l l  fur ther ,  which would cause the t r a -  
jectory to have l a rge r  AV for  the given A?. This would involve 
a la rger  penalty a s  indicated in Figure 5 by the deterioration 
of pilot rating. 
4)  Retard throttle more  quickly in the f la re .  This i s  probably the 
eas ies t  correct ion for  the pilot to make,  but except for  high d rag  
configurations o r  with spoiler controls,  this "decelerate" tech  - 
nique may not be v e r y  effective. 
5 )  The most obvious alternative and perhaps the one that will oc - 
cur  in pract ice,  i s  to  touchdown "hot, I '  well  above stalling speed. 
0 If the approach conditions a r e  -. 08 rad (-4.  5 ), then a 
- 
An = .07 f lare  will produce a touchdown a t  about 65 kts. This 
is a l l  right for  the f la re ,  but produces wear  on the t i r e s ,  long 
roll-outs,  and possible wheelbarrowing. Basically this kind of 
floating tendency may be responsible for  service records  of hot 
landings with touchdown speeds elevated over stalling speed. 
I f ,  in the opposite case ,  due to  a sinking tendency, the calculated t r a -  
jectory m i s s e s  the approach point by a large amount on the high side of V A' 
the following alternatives exist:  
1)  Accept the high approach speed. This may be the best so lu-  
t ion, depending on ra te  of descent, gust sensitivity, and r u n -  
way length. 
2 )  Reduce the approach angle, unless res t r ic ted  by obstacle 
clearance or approach guidance devices. 
3 )  Increase the average f la re  load factor.  A ra ther  severe 
penalty, a s  indicated in F igure  5 may  be paid for this,  be - 
cause of difficult control timing problems. 
4 )  Advance throttle in the f l a re .  This "accelerate" technique 
may be very  effective, but it is  awkward and difficult t o  a p  - 
ply consistently with f inesse.  Occasional hard  landings will  
resu l t .  
In addition to these considerations, the lift and moment changes due to  
ground effect will play a par t .  A nose-down moment and a lift increase  will 
be somewhat advantageous to  the pilot i f  they a r e  the right s ize and mix. 
More moment and l e s s  l i f t  changes a r e  favorable to  the f loater ,  and vice-  
v e r s a  for  the sinker.  Although sma l l  improvements a r e  possible with sma l l  
ground effects of the right kind, ra ther  severe  degradations accompany large 
ground effects of any kind. An airplane with otherwise good landing charac - 
t e r i s t ics  can  be quite severely downgraded because of excessive levels of 
this  phenomenon. 
Implications for  Design 
Even the crudest  use of equation (17) ,  t o  compute a f lare  in one big 
s tep,  would suggest that if V is  taken 1.3 t imes  V then f rom any likely A td' 
approach angle, even say 6 degrees,  the average load factor would be very  
low - the o rde r  of 
This ,  according to  F igure  5 would suggest a floating tendency. F o r  
optimum landing qualit ies,  the airplane should have higher drag s o  that the 
"decelerate" throttle technique can be used, or  i t  should be flown on ap - 
proach a t  lower speed. Of course lower s ta l l  margins on approach would 
demand, for  safety 's  sake,  ve ry  gradual s ta l l  charac ter i s t ics  with exce l -  
lent control effectiveness and plenty of s ta l l  warning. 
Shallow approaches,  like three degrees,  will  certainly produce float - 
e r s  unless they a r e  ve ry  slow. This may be the reason,  along with the 
tricycle landing gea r ,  that many landings tend to  be "hot" and sometimes 
produce wheelbarrowing o r  other problems. 
The ideal situation, with high drag and deceleration ability fo r  the 
f la re ,  with the ability to  "clean up" safely and easi ly  for go-around, would 
seem to be spoi lers  integrated with throttle i r  the manner  described in 
Reference 5. Small  t r i m  changes and other considerations suggest that 
with spoi lers  used in this way, low drag part-flap deflection settings may  
be advantageous for  landing. 
The ground effect evaluations show that they a r e  advantageous only a t  
a very low level. The low-wing airplane with a shor t  landing gear may 
well exhibit large values of an unfortunate type, which would be a major  
disadvantage in landings. F o r  this configuration, with the wing s e t  ve ry  
low to the ground in landing position, the l i f t  increment due to ground e f -  
fect might be very large.  It would increase any apparent floating tendency, 
and if the airplane were clean and tended to float anyway with usual  or  
recommended landing technique, it could be a ser ious handicap. Other 
factors  being equal, the high-wing configuration with smal le r  ground ef - 
fects might well be more  favorable. 
These guidelines admittedly do not add up to  a prec ise  formula by 
which to  calculate a pilot evaluation of the landing charac ter i s t ics  of a 
s t range airplane. They do, however, provide a t e s t  of favorable charac - 
t e r i s t ics  and they do suggest the level of penalty that resu l t s  f r o m  differ - 
ent kinds of problems. 
We definitely recommend some t r i a l  calculations of f la res  for  any new 
airplane design. They a r e  bound to  reveal  the general  quality of i t s  landing 
charac ter i s t ics ,  and to  suggest the bes t  kinds of pilot technique and ap -  
proach conditions. They will suggest whether the airplane configuration 
and style of operation a r e  suited to inexpert o r  beginner pilots, o r  whether 
they had best  be reserved  for  the professional with high level of qualifica- 
t ions.  
CONC. LUSIONS 
Based o,n the analysis and the experimental resul ts  reported he re ,  the 
following conclusions a r e  drawn. They apply to landings of conventional 
style in light general  -aviation type a i rc raf t  under V F R  conditions. 
1 )  An important consideration, for  the difficulty of landings, i s  the 
a i rp lane ' s  deceleration in the f lare .  If it decelerates  too little o r  too much, 
i t  tends to  float or sink. Ei ther  ex t reme is  a major  problem. The pilot 
p re fe r s  an intermediate quality, where a nice moderate f la re  ends at  the 
right speed for touchdown. 
2 )  The deceleration, and floating o r  sinking tendencies,  a r e  affected 
by many pa ramete r s .  Floating i s  favored by low approach angle and high 
approach speed, by abrupt f la res  with high load fac tors ,  by speed stability, 
and by a lift increase due to  ground effect. 
3 )  These various effects can be correlated in t e r m s  of an average 
f la re  load factor .  A value of A . 07 i s  about optimum for  low approach 
angles,  increasing slightly with increase of Y A' 
4)  With approach s ta l l  margins of the o rde r  of 3 0% on speed, most  
light planes will be floaters.  Unless equipped with deceleration devices 
like spoi le rs ,  touchdowns will  tend to be "hot, " and touchdown accuracy 
will  be poor.  
5 )  An additional penalty for  speed instability ("on the back side") 
can be presented in t e r m s  of a weighted integral of the speed stability 
parameter .  The weighting factor i s  intended to account for the duration 
and timing of the speed instabili ty (backside) par t  of the f lare .  
6 )  The easiest ;  most  na tura l j  and most consistently successful con-  
t r o l  actions required for the f la re  a r e  steady rearward  motions of both 
wheel and throttle.  The pilot finds r eve r sa l s  of direction difficult to 
gauge accurately and smoothly, and he likes the coordination between 
actions when both levers  go in the same direction with about the same  
timing. 
7 )  The par t ia l  t r i m  changes due to  throttle advance should be a lift 
increase and a sma l l  nose -down moment. The f o r m e r  should dominate, 
giving an overal l  lift increase.  This helps counter,  with normal  control  
action, both floating and sinking in the f la re ,  and i s  favorable for wave -off. 
F o r  the conventional propeller airplane with flaps down, this is  the n o r m a l  
t r i m  change - although it i s  sometimes much too big. It i s  a lso the inherent 
charac ter i s t ic  of integrated lift spoi lers .  
8 )  Ground effects a r e  a help to the pilot in landing, if they a r e  moderate  
in s ize ,  in the co r rec t  direction, and in the right "mix. " In general ,  in -  
c rease  of l i f t  and nose-down moment changes due to  ground effect a r e  help-  
ful, i f  they a r e  not too la rge .  The proper  rat io  depends on other fac tors  
tending towards floating or  sinking. F o r  the f loater ,  the nose -down moment 
should predominate; for the s inker ,  the lift increase  should be the l a rge r  ef  - 
fect. Very large ground effects a r e  a problem to the pilot, and i f  they a r e  
of the wrong sign o r  mix, they may be a ser ious handicap. 
9 )  Given reasonable est imates  of the lift and drag aerodynamics,  the 
control charac ter i s t ics ,  and the ground effects of a new airplane design, it 
should be possible to predict  the ease  o r  difficulty of landings out of a r b i -  
t r a r y  approach conditions. A simple procedure for this is  given, and it i s  
recommended for  application to  any new design to identify possible landing 
problems and suggest favorable approach conditions. 
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